INTRODUCTION
============

Human colon cancer is the third most commonly diagnosed malignant disease ([@b26-bt-24-140]). Surgery, radiation or chemotherapy has been regarded as the most effective adjuvant therapy in many cases. However, oxaliplatin, leucovorin and irinotecan as commonly used chemotherapeutic agents are associated with severe adverse effects ([@b3-bt-24-140]). Thus, there is a need for more potent and less toxic drugs. In addition, chemoprevention using phytochemicals widely distributed in vegetables, fruits and medicinal plants has received attention as an attractive and promising strategy for human cancer prevention ([@b30-bt-24-140]).

Many biomolecules derived from the food have various pharmacological properties and been reported to be useful in the prevention and improvement of various human diseases. Flavonoids have attracted attention as one of the potential cancer chemopreventive agents due to their anti-cancer activities ([@b14-bt-24-140]; [@b9-bt-24-140]).

Naringenin (NAR) as a common dietary flavonoid abundantly present in fruits and vegetables is formed from naringin after dietary intake in humans ([@b35-bt-24-140]). Many studies have shown various pharmacological effects including antioxidant activity ([@b25-bt-24-140]), anti-inflammatory activity ([@b7-bt-24-140]) and anti-mutagenic effects ([@b8-bt-24-140]). In addition, NAR has been reported to exhibit anti-cancer activity ([@b12-bt-24-140]; [@b15-bt-24-140]; [@b6-bt-24-140]; [@b37-bt-24-140]). In pro-apoptotic effect of NAR on cancer cells, NAR induced apoptosis in colon, breast and uterine cancer cell lines expressing ERα and ERβ ([@b28-bt-24-140]; [@b29-bt-24-140]; [@b4-bt-24-140]). However, more detailed mechanism for NAR-mediated apoptosis still remains unanswered.

Activating transcription factor 3 (ATF3) as a member of the ATF/CREB family is activated under various physiological ([@b10-bt-24-140]) and pathological stimuli, and has been regarded to exert cell-depending effects including cell cycle arrest and apoptosis ([@b36-bt-24-140]; [@b5-bt-24-140]). There is growing evidence that ATF3 is one of the important molecular targets for the apoptotic effect of many anti-cancer agents in colon cancer cells ([@b19-bt-24-140]; [@b32-bt-24-140]; [@b16-bt-24-140]; [@b18-bt-24-140]), which suggests that ATF3 activation may be a promising cancer preventive and therapeutic target in human colon cancer.

In this study, we tested the effect of ATF3 on NAR-mediated apoptosis in human colon cancer and we report that NAR leads to transcriptional activation of ATF3 which may be associated with induction of apoptosis in human colon cancer cells.

MATERIALS AND METHODS
=====================

Reagents
--------

Naringenin (NAR) was purchased from Sigma Aldrich (St. Louis, MO, USA). Dulbecco's Modified Eagle medium (DMEM)/F-12 1:1 Modified medium (DMEM/F-12) was purchased from Lonza (Walkersville, MD, USA). Antibodies against ATF3, Poly ADP ribose polymerase (PARP) and β-actin were purchased from Cell Signaling (Beverly, MA, USA). PD98059 (ERK1/2 inhibitor), SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), SB216763 (GSK3β inhibitor) and BAY11-7082 (NF-κB inhibitor) were purchased from Calbiochem (San Diego, CA, USA). ATF3 siRNA was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). ATF3 constructs used in this study were kindly provided from Dr. Seong Ho Lee (University of Maryland, College Park, MD, USA). All chemicals were purchased from Fisher Scientific, unless otherwise specified.

Cell culture and treatment
--------------------------

Human colon cancer cell lines such as HCT116, SW480, Lovo and HT-29 cells were purchased from Korean Cell Line Bank (Seoul, Korea) and grown in DMEM/F-12 supplemented with 10% fatal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin. The cells were maintained at 37°C under a humidified atmosphere of 5% CO~2~. NAR was dissolved in dimethyl sulfoxide (DMSO) and treated to cells. DMSO was used as a vehicle and the final DMSO concentration did not exceed 0.1% (v/v).

Cell viability
--------------

Cell viability was measured using MTT assay system. Briefly, cells (2×10^4^ cells/well) were plated onto 96-well plated and grown overnight. The cells were treated with NAR for 24 h. Then, the cells were incubated with 50 μl of MTT solution (1 mg/ml) for the additional 2 h. The resulting crystals were dissolved in DMSO. The formation of formazan was measured by reading absorbance at a wavelength of 570 nm.

SDS-PAGE and western blot
-------------------------

After NAR treatment, cells were washed with 1×phosphate-buffered saline (PBS), and lysed in radioimmunoprecipitation assay (RIPA) buffer (Boston Bio Products, Ashland, MA, USA) supplemented with protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and phosphatase inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA), and centrifuged at 15,000×g for 10 min at 4°C. After determining protein concentration by the bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL, USA), the proteins were separated on SDS-PAGE and transferred to PVDF membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were blocked for non-specific binding with 5% non-fat dry milk in Tris-buffered saline containing 0.05% Tween 20 (TBS-T) for 1 h at room temperature and then incubated with specific primary antibodies in 5% non-fat dry milk at 4°C overnight. After three washes with TBS-T, the blots were incubated with horse radish peroxidase (HRP)-conjugated immunoglobulin G (IgG) for 1 h at room temperature and chemiluminescence was detected with ECL Western blotting substrate (Amersham Biosciences, Piscataway, NJ, USA) and visualized in Polaroid film.

Reverse transcriptase-polymerase chain reaction (RT-PCR)
--------------------------------------------------------

After NAR treatment, total RNA was prepared using a RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and 1 μg of total RNA was reverse-transcribed using a Verso cDNA Kit (Thermo Scientific, Pittsburgh, PA, USA) according to the manufacturer's protocol for cDNA synthesis. PCR was performed using PCR Master Mix Kit (Promega, Madison, WI, USA) with human primers for cyclin D1 and GAPDH as followed : human ATF3: 5′-gtttgaggattttgctaacctgac-3′, and reverse 5′-agctgcaatcttatttctttctcgt-3′; human GAPDH: forward 5′-acccagaagactgtggatgg-3′ and reverse 5′-ttctagacggcaggtcaggt-3′.

Transient transfections
-----------------------

Transient transfections were performed using the PolyJet DNA transfection reagent (SignaGen Laboratories, Ijamsville, MD, USA) according to the manufacturers' instruction. HCT116 and SW480 cells were plated in 12-well plates at a concentration of 2×10^5^ cells/well. After growth overnight, plasmid mixtures containing 1 μg of ATF3 promoter linked to luciferase and 0.1 μg of pRL-null vector were transfected for 24 h. The transfected cells were cultured in the absence or presence of NAR for 24. The cells were then harvested in 1×luciferase lysis buffer, and luciferase activity was normalized to the pRL-null luciferase activity using a dual-luciferase assay kit (Promega, Madison, WI, USA).

Transfection of small interference RNA (siRNA)
----------------------------------------------

HCT116 cells were plated in 6-well plates and incubated overnight. HCT116 cells were transfected with control siRNA and ATF3 siRNA for 48 h at a concentration of 100 nM using TransIT-TKO transfection reagent (Mirus, Madison, WI) according to the manufacturer's instruction. Then the cells were treated with 200 μM of NAR for 24 h.

Expression vector
-----------------

ATF3 expression vector was provided from Addgene (Cambridge, MA, USA). Transient transfection of the vector was performed using the PolyJet DNA transfection reagent (SignaGen Laboratories, Ijamsville, MD, USA) according to the manufacturers' instruction.

Statistical analysis
--------------------

All the data are shown as mean ± SEM (standard error of mean). Statistical analysis was performed with one-way ANOVA followed by Dunnett's test. Differences with ^\*^*p*\<0.05 were considered statistically significant.

RESULTS
=======

Effect of NAR on cell viability and apoptosis in human colon cancer cells
-------------------------------------------------------------------------

To evaluate whether NAR decreases the viability of human colon cancer cells, HCT116 and SW480 cells were treated with NAR at the different concentrations and cell viability was measured by MTT assay. As a result ([Fig. 1A](#f1-bt-24-140){ref-type="fig"}), NAR treatment resulted in the decrease of the cell viability by 28% and 15% at 100 μM, and 47% and 43% at 200 μM in HCT116 and SW480 cells, respectively. In addition, the viability of HT-29 and Lovo cells was decreased by 45% and 49% at 200 μM of NAR, respectively ([Fig. 1B](#f1-bt-24-140){ref-type="fig"}). Next, we tested cleaved PARP using Western blot to evaluate whether NAR-mediated decrease of the cell viability results from apoptosis. As shown in [Fig. 1C](#f1-bt-24-140){ref-type="fig"}, NAR dose-dependently induced the cleavage of PARP.

Effect of NAR on ATF3 expression in human colon cancer cells
------------------------------------------------------------

To test whether NAR affects ATF3 expression, we evaluated ATF3 expression in HCT116 and SW480 cells by Western blot. As shown in [Fig. 2A](#f2-bt-24-140){ref-type="fig"}, ATF3 expression was increased in NAR (100 and 200 μM)-treated HCT116 and SW480 cells. In time-course experiments ([Fig. 2B](#f2-bt-24-140){ref-type="fig"}), ATF3 expression started to increase at 3 h or 1 h after NAR treatment in HCT116 and SW480 cells, respectively. We also evaluated the effect of NAR on ATF3 expression in other colon cancer cells such as LoVo and HT-29. As a result ([Fig. 2C](#f2-bt-24-140){ref-type="fig"}), NAR-mediated ATF3 upregulation was observed in both LoVo and HT-29 cells. Next, HCT116 cells were transfected with ATF3 overexpression vector or ATF3 siRNA to investigate whether NAR-mediated ATF3 overexpression results in apoptosis. As shown in [Fig. 2D](#f2-bt-24-140){ref-type="fig"}, [2E](#f2-bt-24-140){ref-type="fig"}, NAR-mediated cleavage of PARP was increased in ATF3 overexpression and decreased in ATF3 knockdown by ATF3 siRNA. These data indicate that ATF3 may be an important molecular target for NAR-mediated apoptosis.

NAR-mediated ATF3 expression is involved in transcriptional upregulation of ATF3 gene
-------------------------------------------------------------------------------------

To elucidate whether NAR-mediated ATF3 increase is associated with transcriptional regulation, we measured the mRNA level of ATF3. As shown in [Fig. 3A](#f3-bt-24-140){ref-type="fig"}, ATF3 mRNA was increased in HCT116 and SW480 cells treated with NAR, which similar to protein expression. In addition, we measured ATF3 promoter activity using ATF3 promoter luciferase constructs (pATF3−1420/+34) to confirm the transcriptional regulation of ATF3 gene by NAR. As shown in [Fig. 3B](#f3-bt-24-140){ref-type="fig"}, NAR dose-dependently increased ATF3 promoter activity in HCT116 and SW480 cells.

Next, we performed the promoter assay using different size of ATF3 promoter constructs to elucidate the promoter region responsible for NAR-mediated transcriptional upregulation of ATF3 gene. HCT116 and SW480 cells were transfected with six different size of ATF3 promoter constructs (pATF3−1420/+34, pATF3−718/+34, pATF3−514/+34, pATF3−318/+34, pATF3−147/+34 and pATF3−84/+34) and then treated with NAR or DMSO. As shown in [Fig. 3C](#f3-bt-24-140){ref-type="fig"}, NAR-mediated increase of ATF3 transactivation was above 3- or 1.5-fold in HCT116 and SW480 cells transfected with pATF3−318/+34, pATF3−514/+34, pATF3−718/+34 and pATF3−1420/+34, respectively. However, NAR slightly increased ATF3 promoter activity in pATF3−84/+34 and −147/+34 transfected HCT116 and SW480 cells. These data indicate that −317/−148 region of ATF3 promoter may be responsible for NAR-mediated ATF3 promoter activation.

NAR-mediated ATF3 expression is dependent on p38 activation, but not ERK1/2, JNK, GSK3β and NF-κB
-------------------------------------------------------------------------------------------------

To elucidate upstream kinases involved in NAR-mediated ATF3 expression, HCT116 cells were pretreated with PD98059 (ERK1/2 inhibitor), SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), BAY 11-7082 (NF-κB inhibitor) or SB216763 (GSK3β inhibitor) for 2 h and then co-treated with NAR for the additional 6 h. As shown in [Fig. 4A](#f4-bt-24-140){ref-type="fig"}, p38 inhibition by SB203580 attenuated NAR-mediated ATF3 expression. However, inhibitions of ERK1/2, JNK, NF-κB and GSK3β did not affect ATF3 expression by NAR compared to the cell without the treatment of inhibitors. To confirm that the effect of p38 in NAR-mediated ATF3 expression, ATF3 promoter activity was tested in HCT116 cells transfected with ATF3 promoter constructs (pATF3-1420/+34). As shown in [Fig. 4B](#f4-bt-24-140){ref-type="fig"}, p38 inhibition by SB203580 attenuated NAR-mediated ATF3 promoter activation. Next, we evaluated the effect of p38 inhibition on NAR-mediated cleavage of PARP and observed that p38 inhibition by SB203580 blocked PARP cleavage by NAR ([Fig. 4C](#f4-bt-24-140){ref-type="fig"}). These data indicate that p38 might act as a regulator for NAR-mediated ATF3 expression and apoptosis. To identify the potential regulatory cis-acting elements associated with p38-dependent ATF3 activation by NAR, each site-deleted ATF3 promoter constructs (Del-CREB and Del-Ftz) were transfected into HCT116 cells and treated with 200 μM of NAR for 24 h. As shown in [Fig. 4D](#f4-bt-24-140){ref-type="fig"}, NAR-induced ATF3 promoter activity was significantly decreased when the CREB site was deleted. However, the deletion of Ftz sites did not affect ATF3 promoter activity by NAR. These data indicated that CREB is an important region in NAR-induced ATF3 expression.

DISCUSSION
==========

The risk of human cancer can be reduced by the consumption of fruits and vegetables ([@b24-bt-24-140]) and approximately 70% of anti-cancer drugs have been developed from natural products ([@b22-bt-24-140]; [@b34-bt-24-140]). One of the mechanisms for the natural anti-cancer products is through the apoptosis ([@b23-bt-24-140]). According recent reports, NAR expresses ERα and ERβ, which induces apoptosis in colon, breast and uterine cancer cell lines ([@b28-bt-24-140]; [@b29-bt-24-140]; [@b4-bt-24-140]). However, no other molecular targets involved in NAR-mediated apoptosis have been described. Thus, the elucidation of the additional potential molecular target of NAR for proapoptotic effect may be necessary.

Phytochemicals exert their proapoptotic effect through the regulation of various molecular targets associated with apoptosis. There is a growing body of evidences to suggest that phytochemicals with anti-cancer activity induce apoptosis through upregulating ATF3 expression ([@b2-bt-24-140]; [@b17-bt-24-140]; [@b19-bt-24-140]; [@b18-bt-24-140]; [@b13-bt-24-140]), which indicates that ATF3 may be one of the important molecular targets for chemoprevention of human colon cancer. In our study, NAR activated ATF3 expression in human colon cancer cell lines such as HCT116, SW480, LoVo and HT-29. In addition, ATF3 overexpression increased NAR-mediated cleavage of PARP and ATF3 knockdown attenuated PARP cleavage by NAR. These findings suggest that ATF3 may be one of the molecular targets for NAR-mediated apoptosis in human colon cancer cells. There are observations indicating that ATF3 inhibits cancer cell proliferation through activating p53 ([@b33-bt-24-140]; [@b31-bt-24-140]) and downregulating cyclin D1 by transcriptional suppression ([@b21-bt-24-140]). We have reported that NAR downregulates cyclin D1 protein level but not mRNA level resulting in the growth arrest of human colon cancer cells ([@b27-bt-24-140]), which indicates that NAR-mediated downregulation of cyclin D1 may be independent on ATF3 activation. Although ATF3 has been regarded as a common molecular target for the proapoptotic effect, specific mechanisms for the apoptotic effect of ATF3 remain nuclear. Thus, the further mechanistic study how NAR-mediated ATF3 activation induces apoptosis will be demanded.

ATF3 expression is mainly regulated through its transcription ([@b11-bt-24-140]). Our data shows that NAR activated the expression of ATF3 mRNA and ATF3 promoter activity, which indicates NAR-mediated ATF3 expression may be dependent on transcription. In addition, we determined that NAR-responsible sites for ATF3 transcriptional activity might be between the −317/−148 region in ATF3 promoter.

There is growing evidence that ATF3 expression is regulated by a variety of the upstream kinases ([@b5-bt-24-140]; [@b2-bt-24-140]; [@b28-bt-24-140]). So, we examined whether NAR-mediated ATF3 activation is associated with the activation of ERK1/2, p38, JNK, NF-κB or GSK3β, and found that NAR-mediated ATF3 expression and promoter activity was suppressed in p38 inhibition, but not in the inhibition of other kinases such as ERK1/2, JNK, NF-κB or GSK3β, which indicates that p38 may be an important upstream kinase associated with NAR-mediated ATF3 activation. In the previous study, we have reported that NAR induces p38 activation, which induces cyclin D1 proteasomal degradation in human colon cancer cells ([@b27-bt-24-140]). To date, there has been agreement that p38 activation is involved in the induction of ATF3 via various signals such as transcription factors and ROS ([@b20-bt-24-140]). Among transcription factors, CREB has been reported to plays a role in ATF3 induction ([@b20-bt-24-140]). In present study, we found that CREB deletion attenuated NAR-mediated ATF3 promoter activation, indicating that CREB may be an important regulator for p38 dependent-ATF3 activation by NAR. In addition, Ahamad *et al*. has reported that NAR-mediated apoptotic and anti-proliferative activity may result from ROS generation and cell cycle arrest ([@b1-bt-24-140]) and ROS have been known to activate p38. Therefore, NAR-induced p38 activation may result from ROS and ROS production may contribute in part to NAR-mediated ATF3 activation.

Taken together, our findings demonstrate that NAR increases the transcriptional activation and increase of ATF3 protein level through p38 activation, and NAR-mediated ATF3 expression contributes least in part to apoptosis in human colon cancer cells. Furthermore, the current study provides information on the apoptotic effect and the potential molecular mechanism of NAR.
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![Effect of NAR on the cell viability and apoptosis. (A) HCT116 and SW480 cells were treated with NAR at the indicated concentrations for 24 h. (B) HT-29 and LoVo cells were treated with 200 μM of NAR for 24 h. Cell viability was measured using MTT assay system and expressed as % cell viability. ^\*^*p*\<0.05 compared to cells without NAR. (C) HCT116 cells were treated with NAR at the indicated concentrations for 24 h. Cell lysates were subjected to SDS-PAGE and Western blot was performed using antibodies against Cleaved PARP and actin.](bt-24-140f1){#f1-bt-24-140}

![Effect of NAR-mediated ATF3 expression on apoptosis. (A) HCT116 and SW480 cells were treated with NAR at the indicated concentrations for 24 h. (B) HCT116 and SW480 cells were treated with 200 μM of NAR for the indicated times. (C) HT-29 and LoVo cells were treated with 200 μM of NAR for 24 h. (D) HCT116 cells was transfected with empty- or ATF3 expression vector for 24 h and then treated with 200 μM of NAR for 24 h. (E) ATF3 siRNA was transfected into HCT116 for 48 h and then NAR was treated for 24 h. All cell lysates were subjected to SDS-PAGE and Western blot was performed using antibodies against ATF3, Cleaved PARP or actin.](bt-24-140f2){#f2-bt-24-140}

![NAR increases transcriptional activity of ATF3 gene. (A) HCT116 and SW480 cells were treated with NAR at the indicated concentrations for 24 h. Total RNA was isolated and RT-PCR was performed (B) The pATF3-1420/+34 construct (1 μg) was co-transfected with pRL-null vector (0.1 μg). The cells were treated with NAR at the indicated concentrations for 24 h and then luciferase activity was measured. ^\*^*p*\<0.05 compared to cells without NAR. (C) HCT116 and SW480 cells were transfected with indicated ATF3 deletion promoter constructs (1 μg) with pRL-null vector (0.1 μg). The cells were treated with DMSO or 200 μM of NAR for 24 h and luciferase activity was measured. ^\*^*p*\<0.05 compared to cells transfected with pATF3−1420/−318 (Fold induction was above 3.0 in HCT116 and 1.5 in SW480 cells).](bt-24-140f3){#f3-bt-24-140}

![Dependency of p38 in NAR-mediated ATF3 activation (A) HCT116 cells were pretreated with SB203580 (40 μM, p38 inhibitor), PD98059 (40 μM, ERK1/2 inhibitor), SP600125 (40 μM, JNK inhibitor), SB216763 (20 μM, GSK3β inhibitor) or BAY11-7082 (20 μM, NF-κB inhibitor) for 2 h and then co-treated with 200 μM of NAR for 6 h. Cell lysates were subjected to SDS-PAGE and Western blot was performed using antibodies against ATF3 or actin. (B) HCT116 cells were transfected with pATF3-1420/+34 construct (1 μg) and pRL-null vector (0.1 μg). The cells were pretreated with 40 μM of SB203580 for 2 h and then co-treated with 200 μM of NAR for 24 h. Then, luciferase activity was measured. ^\*^*p*\<0.05 compared to cells without NAR. (C) HCT116 cells were pretreated with SB203580 (40 μM, p38 inhibitor) for 2 h and then co-treated with 200 μM of NAR for 24 h. Cell lysates were subjected to SDS-PAGE and Western blot was performed using antibodies against cleaved PARP or actin. (D) HCT116 cells were transfected with the indicated ATF3 constructs (1 μg) and pRL-null vector (0.1 μg). The cells were treated with 200 μM of NAR for 24 h. Then, luciferase activity was measured. ^\*^*p*\<0.05 compared to cells transfected with ATF3 promoter construct without the deletion.](bt-24-140f4){#f4-bt-24-140}
